Campylobacter coli VC167 has been shown to undergo a reversible flagellar antigenic variation between antigenic type 1 (T1) and antigenic type 2 (T2). VC167 contains two flagellin genes, and the products of both genes are incorporated into a complex flagellar filament in both antigenic types. Although there are only minor amino acid changes in the flagellins expressed by Ti and T2 cells, the two antigenic types of flagellins can be distinguished by differences in apparent Mr on sodium dodecyl sulfate-polyacrylamide gels and by immunoreactivity with Ti-specific (LAHI1) or T2-specific (LAH2) antiserum. The isolation of stable variants of Ti and T2 has allowed for the transfer via natural transformation of the flagellin structural genes from the Ti background into the T2 background and from the T2 background into the Ti background. In addition, the
genes are incorporated into a complex flagellar filament in both antigenic types. Although there are only minor amino acid changes in the flagellins expressed by Ti and T2 cells, the two antigenic types of flagellins can be distinguished by differences in apparent Mr on sodium dodecyl sulfate-polyacrylamide gels and by immunoreactivity with Ti-specific (LAHI1) or T2-specific (LAH2) antiserum. The isolation of stable variants of Ti and T2 has allowed for the transfer via natural transformation of the flagellin structural genes from the Ti background into the T2 background and from the T2 background into the Ti background. In addition, the flagellin genes from VC167 Ti and T2 have been transferred into strains of Campylobacterjejuni. The results indicate that the observed antigenic variations of VC167 flagellins are dependent on the host genetic background and independent of the primary amino acid sequence. These data provide evidence that posttranslational modifications are responsible for the antigenic variation seen in VC167 flagellins.
It is now recognized that Campylobacterjejuni and Campylobacter coli are among the most frequently isolated enteric bacterial pathogens and cause severe diarrhea in humans (7, 52, 59 ). These gram-negative spiral bacteria are motile by polar flagella which are necessary for colonization of the gastrointestinal tract (6, 8, 34, 41, 45) . Further evidence suggesting that flagella play a major role in pathogenesis is that flagellin is the immunodominant protein antigen throughout a Campylobacter infection (1, 56) .
The expression of flagella in Campylobacter spp. is subject to both phase and antigenic variations. Some strains can switch between flagellated (Fla') and nonflagellated (Fla-) forms, whereas some other isolates reversibly express flagella which possess different antigenic specificities (8, 20) . C. coli VC167 is an example of an isolate which undergoes this antigenic variation, although there exists an in vivo preference for one flagellar antigenic type, T2, during colonization in an animal model (35) . The flagella produced by VC167 antigenic type 1 (Ti) and antigenic type 2 (T2) can be distinguished on the basis of apparent molecular size as determined by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE), with the Ti flagellin being 61.5 kDa and the T2 flagellin being 59.5 kDa (20) . Furthermore, these flagellins can be differentiated antigenically by Western blot (immunoblot) analysis by using antisera LAHi (Ti specific) and LAH2 (T2 specific) (16, 20) .
The C coli VC167 chromosome contains two tandemly oriented flagellin genes, flaA andflaB (15, 18) , both of which are incorporated into a complex flagellar filament. A similar organization has been seen with C jejuni 81116 and IN1 (11, 43) Primer extension studies and mutational analysis indicate that the two flagellin genes are transcribed under distinct promoters and yet are coexpressed in the same cell, regardless of the antigenic phase of the flagella being produced (15, 18) , although the FlaA protein is produced in far greater amounts than FlaB. Mutants that express only the flaA gene product produce a filament indistinguishable in length from the wild-type flagellum, whereas mutants expressing only the flaB gene product produce a severely truncated filament that imparts only partial motility to the cell (15) .
The predicted Mrs of theflaA and flaB gene products from the VC167 T2 nucleotide sequence are 58,884 and 59,124, respectively, yet in SDS-polyacrylamide gels both flagellins migrate with apparent Mrs of 59,500. Similarly, the flaA and flaB genes of VC167 Ti encode flagellins with predicted Mrs of 58,916 and 58,946, respectively. However, these flagellins migrate on SDS-polyacrylamide gels with apparent Mrs of 61,500. The predicted primary amino acid sequences of the flagellin genes from Ti and T2 are very similar. The flaA flagellins from the two antigenic types of VC167 differ in two amino acid residues, and the twoflaB flagellins differ in three amino acids (15, 18) . Previous data indicated that flagellin sequence changes were responsible for the observed antigenic variation in VC167. However, more recent data from our laboratories have indicated that such sequence changes are not involved (16) . Moreover, since these relatively slight differences in primary amino acid sequence seem insufficient to account for the observed differences in Mr and antigenicity, we examined the expression of flagellin genes of one VC167 antigenic type in the background of alternative antigenic hosts and provide evidence that genes expressed in distinct host backgrounds produce functional flagellin proteins that possess altered physical and antigenic characteristics.
MATERIALS AND METHODS
Bacterial strains. C. coli VC167, serogroup LI08, was obtained from H. Lior, National Enteric Reference Centre, Ottawa, Ontario, Canada. The derivatives of UVC167, CAMPYLOBACTER FLAGELLIN ANTIGENICITY 4231 VC167 Ti and VC167 T2, were selected as described by Harris et al. (20) . Campylobacters were grown on MuellerHinton agar (Difco) at 37°C in an atmosphere containing 5% oxygen and 10% CO2. Agar was supplemented with 100 ,ug of kanamycin per ml (Sigma) where required. The motility of cells was that previously described (15) .
Site-specific mutagenesis of Ti flagellin genes. Conjugations of suicide plasmid pGK2004 from Escherichia coli DH5 (RK212.2) into VC167 Ti cells were done as described by Guerry et al. (15) . Mutations were analyzed by Southern and Western blot analysis as previously described (15) .
Transformation of campylobacters. The natural transformation method used to introduce flagellin genes from one antigenic background into the other was the biphasic method previously described by Wang and Taylor (60) . Genomic DNA of characterized flaA+ flaB or flaA flaB+ flagellin mutants (15) was used as the donor DNA in the transformations, and the rescue of the kanamycin resistance cartridge resulted in replacement of the host flagellin gene information as described previously (2 (36) . Antisera LAH1 and LAH2 were used at a dilution of 1:10,000. Antiserum LAH2 was prepared to whole cells of C. coli VC167 T2 and absorbed against live whole cells of C. coli VC167 Ti and boiled whole cells of C. coli VC167 T2 (20 Immunoelectron microscopy. The conditions employed for immunogold labelling were those previously described by Guerry et al. (15) .
RESULTS
Distribution and expression of LAH antigenic reactivity.
The extent of conservation of LAH1 and LAH2 antigenic reactivity was tested among the flagellins of 66 Campylobacter strains representing 23 LIO serogroups. These included serogroups LIO1, L102, LI04 through LI020, LI029, LI036, LI046, and LI074. Earlier studies (20) had shown that strains belonging to the serogroup LI08 had the ability to produce flagellin species of two different subunit Mrs. SDS-PAGE analysis had also shown that different strains produced various amounts of each flagellin species, with some isolates producing only one or the other flagellin. The relative quantities of each flagellin species produced by a strain were also affected by subculture. Only the flagellins of strains belonging to serogroup LI08 were ever found to be reactive with either LAH1 or LAH2 antiserum. Analysis of 26 independent L108 strains indicated that 6 strains produced flagellins displaying immunoreactivity only to LAH1, while the flagellin from only one isolate displayed reactivity only to LAH2 antiserum. The remaining 19 LI08 strains produced flagellins that reacted with various degrees of strength to both LAH antisera. The antigenic specificities of the flagellins of representative LI08 strains compared with those of the flagellins from L104 and LI06 isolates are shown quantitatively by ELISA in Fig. 1 . The flagellins from the L104 and LI06 strains failed to react with either antiserum. Several strains examined, including UVC167 and VC189, produced flagellins of distinct Mrs, characteristic of LI08 isolates. The strength of immunoreactivity to LAH1 and LAH2 antisera in these strains correlated with the relative abundance of each species of flagellin. By Western blot analysis, strains producing flagellin species that reacted with antiserum LAH2 all had apparent molecular weights of 59,500, whereas the isolates producing flagellins displaying LAH1+ LAH2-immunoreactivity all had Mrs of 61,500, which is consistent with the apparent Mrs of the flagellins of our reference strains VC167 Ti and VC167 T2 (16) . However, there were 16 cases in which only one species of flagellin was produced with an apparent Mr of 59,500, which displayed weak to moderate reactivity to LAHi in conjunction with strong reactivity to LAH2.
In earlier studies (16, 20) , two variants of C. coli UVC167 had been isolated which produced only one of the two different antigenic types of flagellin. These variants are called VC167 Ti and VC167 T2; however, the cultures of Ti and T2 currently used have been subjected to extensive subculturing over several years and are no longer capable of undergoing the previously described reversible switch in antigenic specificities at a detectable level. They now represent what seem to be stable variants of each antigenic type, and the isogenic mutants constructed in these strains by using shuttle mutagenesis (15, 16) are also antigenically fixed into the indicated phase. However, by using single colonies of freshly grown stocks of the original UVC167 strain (UVC167 = the L108 type strain; H. Lior), the reversible antigenic variation can be demonstrated to occur at a high frequency (16) . These fresh isolates, unlike the routinely used VC167 Ti and VC167 T2, were antigenically unstable, and after two to three passages, there existed a mixture of flagellin species, reacting to both LAHi and LAH2 antisera.
An indication of this is seen in Fig. 1 (2) . The resident host flagellin informa- (flaA flaB) and KX15 (flaA flaB+) (15) . Genes were moved from these strains by natural transformation into the VC167 Ti background by selection for the kanamycin resistance cassette inserted into theflaB gene of KX5 and theflaA gene of KX15. The kanamycin-resistant antigenic type 1 flaA flaB+ mutant, designated BS-A, and the type 1 flaA+ flaB mutant, termed T1A, were constructed by site-specific insertional mutagenesis as described for KX15 and KX5 (15) (data not shown), and DNAs from these mutants were used to move Ti genes into the T2 background. The mutants constructed by these transformations, T1(flaA2), T1(flaB2), T2(flaBl), and T2(flaAl), are summarized in Table 1 . We have previously shown (2) that transformants from such experiments should represent events in which the disrupted flagellin gene from the donor had recombined into the flagellin sequences on the recipient chromosome. To confirm that the wild-type allele of either flaA or flaB was also recombined into the resident chromosome with the adjacent flagellin gene containing the kanamycin resistance cassette, we analyzed recombinants by Southern blot analysis (data not shown). To distinguish the TlflaA gene from the T2flaA gene, DNAs from transformants were digested with HindIII and hybridized to oligonucleotide pg68, which hybridizes to a 4.0-kb HindIII fragment containing theflaB gene in both Ti and T2 but only to theflaA gene in T2 (on a 1.9-kb fragment) (Fig. 2) . SspI cuts the flagellin genes into a 2.3-kb fragment that contains all of the flaA gene and a 1.6-kb fragment that contains most offlaB (15) (Fig. 2) . Since the flaB gene of Ti contains an internal HaeIII site and theflaB gene of T2 does not (Fig. 2) , the identity of theflaB gene in the transformants was determined by double digestions with SspI and HaeIII The T2flaA gene product in mutant KX5 migrates with an apparent Mr of 59,500 in SDS-polyacrylamide gels and reacts with antiserum LAH2 but not with the Ti-specific antiserum LAHi (Fig. 3, lanes 2 ). This phenotype is consistent with the VC167 T2 parent (Fig. 3, lanes 1 ). In contrast, however, when this same T2flaA gene is expressed in the Ti antigenic background in strain Tl(flaA2), the flagellin now migrates with an apparent Mr of 61,500 (Fig. 3A, lane 3) , which is the same as that of the VC167 Ti wild-type flagellin (Fig. 3A lane 4) . Moreover, the antigenicity of the flagellin has altered such that it is now LAH1+ LAH2- (Fig. 3B and C, lanes 3) . Conversely, the flaA1 gene expressed in the Ti antigenic background migrates with an Mr of 61,500 and reacts with antiserum LAH1 but not with LAH2 (Fig. 3, lanes 5 ). When the Ti flaA gene is expressed in the T2 background in strain T2(flaAl), the apparent Mr of the flagellin drops to 59,500, and the antigenicity of the flagellin mimics that of the VC167 T2 parent, being LAH1-and LAH2+ (Fig. 3, lanes 6 ). The same phenomenon of alterations in the apparent Mr and antigenicity of flagellin in different hosts is also seen with the flaB gene product (data not shown but summarized in Table 1 ).
When compared with the structure of the Ti flagellar filament (16), the structure of the T2 flagellar filament which is selected for in the in vivo animal model (35) Immunochemical analysis of flagella and flagellins in fla mutants. Previous studies have shown that the majority of flagellin epitopes recognized by antisera LAH1 and LAH2 are surface exposed on the native flagellar filament of the wild-type VC167 Ti and VC167 T2 variants (16) . Immunogold electron microscopy was employed to confirm that the antigenic differences displayed by flagellins produced by the mutant strains were also present on the surface of the flagellar filament. Figure 4 shows representative results obtained when flaA flaB+ mutants were reacted with LAH2 antibodies. Protein A-gold was seen to decorate the flaB gene-encoded truncated flagellar filaments of strain T2(flaB1) (Fig. 4A ) but not those of Tl(flaB2) (Fig. 4B) . Conversely, LAH1 antibodies recognized the filaments of Tl(flaB2) but not those of T2(flaB1) (data not shown). Similar results were seen for the various truncated and full-length flagellar filaments produced by the other flaA flaB+ and flaA+ flaB mutants (Table 1) . A quantitative estimate of the antigenic relatedness of the flagellins produced by the flaA+ flaB mutants to wild-type flagellins was provided by ELISA using sheared intact flagellar filaments as the solid-phase antigen. When reacted with LAH2 antiserum, the flagella of VC167 T2, KX5, and T2(flaA1) were antigenically indistinguishable (Fig. SB) . Fig. 5A show that the flagella of VC167 Ti, T1A, and Tl(flaA2) were indistinguishable antigenically when reacted with LAHi antibodies. However, these antibodies did not react with any flagella produced in the T2 antigenic host bacterium [VC167-T2, KX5, and T2(flaA1)].
Antigenicity of LAH1 and LAH2 flagellins when expressed in other serotypes. To further examine the effects of host background on the antigenicities and apparent subunit Mrs of flagellins from a serogroup LI08 strain, VC167 flagellin genes coding for both antigenic flagellar types were introduced into strains belonging to serogroups LI04 (VC83) and LI06 (VC84). The wild-type flagellins produced by both of these strains were unreactive with either LAHi or LAH2 antiserum (Fig. 1 the resultant flagellins displayed reduced antigenic reactivity. In the case of VC84/T1A flagella, the decreased reactivity was apparent when Western blots were directly examined but was not as obvious when blots were photographed (Fig.  7, lane 3) . ELISA allowed this loss of antigenic reactivity to be quantitated, and Fig. 6B shows that at a 1/100 dilution of LAHi antiserum, the antigenic reactivity of the VC84/T1A flagella was reduced to approximately 30% of that of the wild-type VC167 Ti flagella. When the VC167 Ti flaA gene was expressed in VC83, the reaction by immunoblotting was significantly weaker and was clearly apparent even in photographed blots (Fig. 7, lane 5) . ELISA indicated that at an LAHi dilution of 1/100, the antigenic reactivity of the VC83/T1A flagella was reduced to approximately 4% of that of the wild-type flagella (data not shown). SDS-PAGE J. BACTERIOL. showed that the VC167 Ti flaA gene product assumed the molecular weight of the L104 (59,500) and LI06 (61,500) hosts (Fig. 7) .
Genetic linkage analysis. The data described above indicate that a gene(s) in the host background can alter the Mrs and antigenicities of Campylobacter flagellins. We attempted to determine if such a posttranslational modification gene is located near the flagellin structural genes by looking for cotransformation of the two markers. We examined 34 independent kanamycin-resistant transformants of VC167 Ti with KX5 DNA for the Mrs and antigenicities of their flagellins. The results, shown in Table 2 , indicate that three phenotypes were observed. The majority of the transformants resembled Tl(flaA2) described above and produce a flagellin with an Mr of 61,500 which is LAH1+ LAH2-. However, 11.7% of the transformants produced a flagellin which migrated with an apparent Mr of 59,500 and reacted with both LAH1 and LAH2 antisera. Further, two transformants (5.9%) produced equimolar amounts of flagellins with apparent Mrs of 59,500 and 61,500. In these cases, the 59,500-Da product was LAH2 reactive, whereas the 61,500-Da flagellin reacted with LAHL.
DISCUSSION
Antigenically, flagella are one of the most complex bacterial surface structures. For example, serological analysis has differentiated more than 60 flagellar (H) antigens in Salmonella spp., 70 in Citrobacter spp., 53 in E. coli, 56 in Enterobacter cloacae, and 10 in Pseudomonas aeruginosa (24) . This antigenic diversity of flagellar filaments is a result of the domain structure of their flagellin monomers. Although a wide range of flagellin molecular weights has been reported, from 15,000 for the thermophilic Bacillus sp. strain 2184 (30) to 62,000 for E. coli and Campylobacter strains (20, 32) , certain biochemical and physical characteristics of the various flagellin monomers have remained conserved. For example, the extreme amino and carboxy termini of flagellins from a diverse spectrum of eubacteria display considerable amino acid sequence homology (25, 55, 61) . These Nand C-terminal domains appear to have roles in flagellin export, polymerization of the flagellar filament, and filament stability (10, 57, 58) . In contrast, the central domain of the flagellin monomer appears not to be essential for filament formation and because of this lack of functional constraints is not structurally conserved (25, 61) . This domain shows extensive diversity in size and amino acid sequence, carries surface-exposed sequences, and appears to be responsible for the extensive antigenic complexity and diversity seen among flagellins (22, 23, 31) .
Antigenic diversity also occurs in the case of Campylobacter flagella (20, 37) . Consistent with the structural model for flagellin presented above, studies at the genetic level by Thornton et al. (54) have shown that serotype-specific DNA probes can be constructed by using the central area of the Campylobacter flagellin coding region. In addition, immuno- In the case of the strain studied here, theflaA genes of C. coli VC167 Ti and T2 code for flagellins which differ in only two amino acid residues. Similarly, the predicted sequences for theflaB flagellins differ in only three amino acids (15, 18) . Despite these minor sequence differences, the flagellins of the two antigenic types are easily distinguishable, both antigenically and by apparent molecular weight on polyacrylamide gels. This study has shown that the apparent Mr alterations and antigenic differences recognized by the LAH1 and LAH2 antisera cannot be due to the differences in primary sequence because when the same gene is expressed in two distinct backgrounds, the product is altered in terms of electrophoretic mobility and antigenicity. This strongly suggests that the LAHi-and LAH2-serospecific epitopes are due to posttranslational modifications that are specific to the host background and further indicates that the two modifications are distinct from one another. Moreover, both FlaA and FlaB proteins are modified, although FlaA is presumably immunodominant in the assembled flagellar filament because of its significantly higher copy number. Additional evidence that LAH2-serospecific antibodies are directed against posttranslational modifications on flagellins is the lack of reactivity of these antibodies with overlapping octapeptides synthesized to the FlaA and FlaB sequences of VC167 T2 (47) . The loss of LAH2 reactivity upon introduction of the flaA genes from the two antigenic types into non-LI08 Campylobacter strains and the dramatic reduction in LAH1 reactivity seen when the TiflaA gene was introduced into VC83 also support the concept of host-dependent posttranslational flagellin modifications. The partial reactivity of the VC84/T1A flagella is difficult to explain at this time, but certainly these Ti flaA-coded flagella were measurably different antigenically when synthesized by the heterologous host. The data suggest that both the primary sequence of flagellins (16) and the LAH1 and LAH2 posttranslational modifications are conserved within the LI08 serogroup. While no data exist on posttranslational modifications in other serogroups, the observation that VC167 flagellins expressed in LI04 and LI06 backgrounds assume the apparent Mrs of the wild-type flagellins of the host might indicate the existence of alternate serospecific modification schemes.
Evidence that Campylobacter flagellin is subject to posttranslational modification has already been provided (38) . In this earlier study, Logan et al. (38) observed the presence of gaps during the N-terminal sequencing of internal flagellin peptides, with each gap corresponding to a serine codon. This suggested that the serines may have been undergoing posttranslational phosphorylation, but the presence of phosphoserine was not confirmed. Indeed, analysis of the Campylobacter VC167 flagellin sequences indicates that there are 20 consensus sites for phosphorylation in FlaA, 10 for casein kinase (Ser/Thr-X2-Asp/Glu) (46) , and a further 10 for phosphokinase C (Ser/Thr-X-Arg/Lys) (29, 63) , but none of these consensus sites correspond to the reported serine-specified gaps. Moreover, acid phosphatase treatment of VC167 Ti and VC167 T2 flagellins appears not to interfere with their ability to bind LAHi or LAH2 antibodies, suggesting that posttranslational phosphorylation does not account for LAHi or LAH2 serospecificity (3) .
Posttranslational modifications have also been described for other flagellar systems, although no functional or antigenic role has been assigned to any of these posttranslational modifications. Phosphotyrosine residues have been identified in P. aeruginosa flagellin (28) , and N-methyl lysine residues have been reported in some, but not all, antigenic types of Salmonella flagellin (4, 26, 40) as well as in the flagellar filaments of Spirillum serpens (13) and Proteus morganii (5) . However, the best-characterized posttranslational modification of flagellin is that observed in several archaebacterial species. Halobacterium halobium possesses three species of flagellin molecules, all of which are sulfated glycoproteins, containing identical sulfated saccharide moieties linked to the amido nitrogen of Asn residues (62) . Glycosylation has also been suggested to be the modification on the flagellins ofMethanospirillum hungatei, Methanococcus deltae, Methanothermus fervidis, and Sulfolobus spp. (14, 53) . The consensus sequence for glycosylation (Asn-XThr/Ser) (39) occurs between three and six times in the Methanococcus voltae flagellin genes and three times in each of the five H. halobium genes (12, 27) . This consensus sequence also occurs nine and seven times in the C. coli FlaA and FlaB proteins, respectively, although no glycosylated residues have been identified in Campylobacter flagellins by using the alcian blue and thymol sulfuric acid gel staining methods (48) .
Although the chemical nature of the posttranslational modifications still needs to be elucidated, experiments which examined the cotransformation of LAH2 reactivity and the alterations in apparent Mrs of flagellins with the kanamycin marker in the flaB gene of KX5 indicate that there is a genetic locus which is loosely linked to the flagellin genes which can confer posttranslational changes on the flagellin protein. The majority of the transformants from this experiment produced a 61,500-Mr flagellin which was LAH1+ LAH2-, characteristic of a Ti background. However, two unusual phenotypes were also generated. The second most frequent class of recombinant (11.7%) produced a 59,500-Mr flagellin which reacted with both LAH1 and LAH2. This is similar to other LIO8 strains shown to produce flagellins which react with both sera and is further evidence that the reactions with LAH1 and LAH2 represent distinct modifications on different residues. Another class of recombinants (5.9%) produced two flagellins, one Ti like (Mr, 61,500; LAH1+) and one T2 like (Me, 59 ,500; LAH2+). This particular phenotype resembles those of the original UVC167 culture and other L108 strains, in which two classes of flagellins were also observed. These data suggest that antigenic variation in this system reflects reversible alterations in the nature or extent of posttranslational modifications. It is also interesting to speculate that natural transformation may play a critical role in antigenic variability similar to what has been observed in Neisseria spp. (50, 51) .
Since the genetic linkage of the LAH2 modification with the structural genes for flagellin is the first report of cotransformation of markers in Campylobacter spp., no data exist to indicate the physical distance between these two markers on the chromosome. However, recent cloning data (17) suggest that a locus involved in LAH2 reactivity maps within 6 kb of the flagellin structural genes. Further characterization of this clone should facilitate studies on the nature and regulation of the posttranslational modifications to Campylobacter flagellins.
